Abstract: High molecular weight polystyrene homopolymers with low dispersity were synthesized by a reversible addition-fragmentation chain transfer (RAFT) polymerization method using 0.03 and 0.3 wt% of cumyl dithiobenzoate (CDB) vs. styrene (St) and the azobis(isobutyronitrile) initiator, at the polymerization temperature of 60 or 70 °C. The optimal high molecular weight polystyrene via this synthetic scheme shows M w = 46.5×10 , and a dispersity of 1.40. The polystyrene chain contains a dithiobenzoate C=S moiety and thus can be used as a macro-chain-transfer agent for the polymerization of other monomers and for the synthesis of diversified block copolymers under mild conditions. The changes of the polystyrene molecular weight and dispersity were studied by the influences of the initial concentration ratio of CDB to styrene ([CDB] 0 /[St] 0 ), the polymerization temperature, and the polymerization time. The PS molecular weight is inversely proportional to the [CDB] 0 /[St] 0 ratio. Decreasing CDB from 0.3 to 0.03 wt%, a high MW PS was obtained, while the dispersity was observed to increase from 1.10 to 1.40. The PS molecular weight increases with the increase of the reaction time, while the dispersity of PS varies little from 1.12 to 1.23. The molecular weight and dispersity increase with the increase of the polymerization temperature. As the temperature arises from 60°C to 70°C, the conversion increases considerably from 25.8% to 39.9%, and the dispersity increases slightly from 1.15 to 1.17. As the temperature reaches 80°C, the conversion increases considerably to 64.7%, and the dispersity increases to 1.53. The polymer molecular weight of the polystyrene prepared by the RAFT method is suitable for the applications of engineering materials.
Introduction
In recent years, attention has been attracted to controlled radical polymerization (CRP) techniques due to the demands of synthesizing polymers with desired molecular weight, low dispersity, and well-defined architecture and composition. In this work, we aim to use CRP to synthesize polystyrene (PS) homopolymers with high molecular weight and low dispersity. Synthesizing such PS homopolymers is critical for fulfilling the requirement of high-quality engineering materials.
Polystyrene (PS) homopolymers are widely used as engineering materials such as fibers, plastics, and foams [1] .The PS with low polymer molecular weights (e.g., 0.5×10 5 -1.0×10 5 g/mol) and high dispersity (e.g., > 2) are often concerned of the low impact strength, low heat-resistance, and low environmental stress crack resistance [1, 2] . Synthesizing high molecular weight (e.g., Mw > 10 5 g/mol) and narrow-dispersed (e.g., with dispersity < 2) polystyrene is very helpful for solving those problems. For examples, high molecular weight PS can improve the impact strength of polymer materials [2, 3] . Narrow-dispersed PS can improve the processability and mechanical strength, such as the flow property in processing. For PS fibres, low-dispersity can improve the spinnability, reduce stress concentration, and enhance thermal insulation [4] .
The prominent CRP [5] techniques include atom transfer radical polymerizations (ATRP) [6, 7] , nitroxide mediated polymerizations (NMP) [8] , and reversible addition fragmentation chain transfer (RAFT) polymerizations [9] [10] [11] [12] . These CRP techniques have the advantages of being insensitive to moisture and of enabling the synthesis of complex polymer architectures such as block and graft copolymers with star-shape, comb-shape, and hyper-branches [5] . The advantages of CRP techniques are related to the presence of delicate balance between dormant and active radical species that can effectively reduce the concentration of free radicals and minimize the extent of termination in the system [13] .
Among CRP techniques, the RAFT polymerization method [9, 10, 14, 15] has shown the capability of polymerizing a wide range of monomers such as those containing acid, hydroxy, amino groups [16] . However, high molecular weight PS (with Mw > 10 5 g/mol) has rarely been reported using RAFT polymerization, even though such high molecular weight polystyrene homopolymers have been synthesized by free-radical polymerizations [17] [18] [19] . For examples, PS with Mw ~ 10 4 g/mol was synthesized from the firstly reported RAFT reactions by Rizzardo et al. [9] , PS with Mw ~ 10 4 g/mol was synthesized using RAFT for assessing rate coefficients by Davis et al. [17] , and PS with Mw ~ 10 3 g/mol was synthesized using RAFT for studying the polymerization mechanism using MALDI-TOF-MS by Harruna et al. [16] .
In this work, we reported a RAFT polymerization method using the cumyl dithiobenzoate (CDB) chain transfer agent to synthesize high molecular weight (with Mw > 10 5 g/mol) and narrow-dispersed PS homopolymers. The CDB agent is chosen for the RAFT polymerization of styrene here because it has a large chain-transfer constant [20] that favours low polymer dispersity. The synthesized PS homopolymers by the RAFT polymerization here show molecular weights higher than those reported in the literature, while the molecular weight distribution is reasonably narrow (with dispersity < 2). These narrow-dispersed high molecular weight PS homopolymers can fulfil the requirement of high quality engineering materials. In the experimental section, the syntheses of the CDB chain transfer agent and the PS homopolymers are described, as well as the characterizations by FI-IR spectra and 1H and 13 C NMR spectra. In the results and discussion section, we will investigate the optimal condition for synthesizing narrow-dispersed high molecular-weight polystyrene by varying a few critical factors: the ratio of CDB to styrene (St) concentrations, the polymerization temperature, and the polymerization time. The molecular weight and its distribution for PS are characterized using size exclusion chromatography.
Results and discussion

Factors that govern polymer molecular weight and its distribution for RAFT polymerization
The theoretical molecular weight, M n,th , [21] In an ideal RAFT process, polymer directly derived from the initiators is thought to be minimal, and thus the second term in the denominator becomes negligible.
As shown by eqs 1, the RAFT polymer molecular weight is influenced by a few factors: . Among them, C tr is related to the intrinsic property of the chain-transfer agents [22] . Typical dispersity values for a set of chain-transfer agents were reported in Ref [14] . Using CDB as an chain-transfer agent, we investigate the optimal condition for synthesizing narrow-dispersed high molecular-weight polystyrene by varying a few critical influential factors: the The molecular weights for the PS homopolymers were characterized by the SEC chromatograms ( Fig. 2. ), and the analysis is shown in Tab. 1. , which causes the broader molecular weight distribution and the lower conversion. Only if more than a certain amount of CBD was added, the active PS radicals were bound completely by forming dormant PS-CDB species, which reduced the termination possibility between the active PS radicals. Then the polymerization would show a good controlled/living character. But in order to get higher molecular weight of the product, we have to reduce the amount of CDB. For the RAFT polymerization of styrene, by adding CDB, a dynamic equilibrium is established between the propagating PS radicals and the dormant PS-CDB species. Lowering the concentration of active propagating PS radicals by the formation of dormant PS-CDB species reduces the termination possibility between the active PS radicals [23] , leading to the narrow-distribution of the PS molecular weight (i.e. small dispersity). 
Influence of the polymerization temperature
The influence of temperature on the PS molecular weight was explored as shown in Tab. 2. As expected, the styrene conversion and the PS molecular weight increase as the reaction temperature arises, due to the increase of polymerization rate [24] . In Tab. 2., as the temperature arises from 60 °C to 70 °C, the styrene conversion increases from 25.8% to 39.9%, and the PS molecular weight (e.g. M w ) increases from 38 000 to 61 000, without causing the broadening of the molecular weight distribution (as the dispersity increases slightly from 1.15 to 1.17). At the temperature reaches 80 °C, the styrene conversion increases considerably to 64.7%, and the PS The dispersity of the product polymer obtained from the polymerization at higher temperature is much greater than that at lower-temperature polymerization. The dispersity is from 1.15 at 60 ºC to 1.53 at 80 ºC. The dispersity was below 1.20 when the temperature arrived to 70 ºC. When at a greater temperature, it was sure that the RAFT polymerization of styrene with a CDB had a disappointed result. While at ≥ 80 ºC, the reaction was proved to be bad. The dispersity is greater than 1.5. For the RAFT polymerization of styrene, increasing the reaction temperature accelerates the decomposition of AIBN, producing more initiated radical species that react with the styrene monomers to form propagating PS chains. As long as the amount of initiated PS radical chains can be balanced by the amount of CDB for reaching the dynamic equilibrium between the active and dormant radicals (e.g., at 60 °C and 70 °C), the propagating PS chains grow faster (thus the molecular weight increases) as the temperature increases without losing the narrow distribution of molecular weight. However, when the temperature reaches 80 °C, the molecular weight distribution of PS is broadened. It was caused by higher termination rate and more side reactions which result in the new chains generated by AIBN and by thermal self-initiation at higher temperature.
Influence of the polymerization time
In Fig. 3 , the relationship between ln([M] 0 /[M]) and the reaction time for PS polymerization at a 6-fold excess of CBD over AIBN, seems to be linear, demonstrating that the kinetic equation of polymerization process satisfies the first order linear relation and the character of controlled/living radical polymerization. In Tab. 3., the styrene conversion and the PS molecular weight increase with the increase of reaction time, with little influence on the narrow-distribution of molecular weight (as the dispersity varies little from 1.12 to 1.23).
For the RAFT polymerization of styrene, increasing the reaction time allows the propagating PS chains to grow longer, thus increasing the polymer molecular weight and the monomer conversion. Note here the RAFT polymerization time used for styrene (typically 20~100 hrs) is longer than that for polymethylacrylate (usually 16 hrs) [14] . This retardation effect can be explained by the high stability of the polystyrene intermediate radicals [25] . Greater stability of the adduct radicals induce an increase in their concentrations, resulting in an enhanced probability of terminating side reactions with the PS propagating radicals or themselves, whereby the polymerization rate is reduced. On the other hand, an extremely high stability of the intermediates induce rate retardation by itself, as the establishment of the stationary propagating radical concentration is delayed for an extensive time period during which the rate of polymerization is lower than in the stationary state. In the literature [14] , the monomer conversion is usually less than 60% for the RAFT polymerization of styrene using CDB. This is consistent with our findings here for the low styrene conversion.
Conclusions
We have presented here a RAFT polymerization method to synthesize high molecular weight polystyrene homopolymers using cumyl dithiobenzoate as a transfer agent. The optimal PS homopolymer synthesized by this method shows M w = 4.65×10 5 , M n =3.33×10 5 , and the dispersity of 1.40. Such high molecular weight polystyrene homopolymers can fulfill the molecular weight requirement of engineering materials.
We have investigated the polystyrene molecular weight and its distribution under the influences of the [CDB] 0 /[St] 0 ratio, polymerization temperature, and polymerization time. The reduction of the [CDB] 0 /[St] 0 ratio induces the increase of polymer molecular weight with the cost of the broadening of molecular weight distribution. Increasing the reaction temperature to 70 °C can increase the PS molecular weight without losing the narrow distribution. However, as the temperature reaches 80 °C, the PS molecular weight distribution is broadened even though the molecular weight is increased. As the reaction time is increased from 20 hrs to 100 hrs, the PS molecular weight shows a trend of linear increase, while the PS dispersity is influenced little.
Experimental part
Materials
Styrene (>99%, Chengdu Kelong Chemical Factory) was dried over calcium hydride, de-gassed by several freeze-thawing cycles before being distilled under reduced pressure, and stored under argon. α-Methyl styrene (>99%, TCI) was washed with 5% sodium hydroxide solution, and then dried over anhydrous calcium chloride before being distilled under reduced pressure. Tetrahydrofuran (THF) was freshly distilled in sodium benzophenon. Azobis(isobutyronitrile) (AIBN) was obtained from the 4th Shanghai Reagent Factory and recrystallized twice using methanol. The solvents used for column chromatography were of AR grade and were distilled prior to use. The silica used was kieselgel-60 (Qingdao Haiyang Chemical Factory) with 100-200 meshes. Other chemical reagents were purchased from Chengdu Kelong Chemical Factory, and were used without further purification unless indicated otherwise. 2 Å). Polystyrene standards were used for calibration. 1H NMR spectra were recorded with a Bruker AM 400 spectrometer (600 MHz) in CDCl3. Infrared spectras (IR) were recorded with a Thermo Nicolet 670FT-IR instrument.
Synthesis of dithiobenzic acid [26]
The Grignard reagent obtained from the reaction of bromobenzene (10.5 mL, 100 mmol) and magnesium (5.00 g, 210 mmol) in THF (75 mL) was treated with carbon disulfide (12.1 mL, 200 mmol) in THF (50 mL) at 25 o C for 12 hrs. At the end of the reaction, the mixture was diluted by 100 mL ether and was quenched by ice-cold hydrochloric acid (50 mL, 4N). An organic layer was separated and was extracted by ice-cold 10% sodium hydroxide solution (100 mL for three times). The alkaline organic layer was acidified with ice-cold 10% hydrochloric acid, and the resultant dithiobenzoic acid was obtained as red oil (7.5 g, 48.7 mmol, Yield = 48.7%) and stored under an inert atmosphere at -20 o C.
Synthesis of cumyl dithiobenzoate (CDB) [14]
A mixture of dithiobenoic acid (3.2 g, 20 mmol), α-methyl styrene (4.4 g, 37 mmol), and carbon tetrachloride (40 mL) was heated to 70 o C under nitrogen for 20 hrs. The resultant mixture became crude oil and was purified by column chromatography (with 100-200 mesh silica-gel and n-heptane eluent) to obtain pure CDB (1.64 g, 6.04 mmol, yield = 30.2%) as dark purple oil. The 1 H NMR spectrum of CDB is shown in Fig.  4 ., and the characterization peaks are assigned as the following: d (ppm): 2.02 (6H, s, CH3), 7.20-7.60 (8H, m, meta, ortho-ArH) and 7.86 (2H, m, para-ArH). The 13 C NMR spectrum of CDB is shown in Fig. 5 ., and the characterization peaks are assigned as the following: d (ppm): 28.3, 56.5, 126.6, 128.2, 131.8, 144.2, and 146.3. The C=S signal (d>220.0ppm) was beyond the frequency range of the NMR spectrum. By FI-IR spectrum characterization, the characterization peaks of C=S appear at 1042cm -1 and 1221cm -1 (see Fig. 6 .). 
13
C NMR spectrum for the CDB chain transfer agents in CDCl 3 . Fig. 6 . IR spectrum of cumyl dithiobenzoate.
Synthesis of polystyrene
In a typical run, particular ratio of St, AIBN, and CDB solutions (see Tab. 1.) were added to a Schlenk tube. The tube was subjected to three freeze-pump-thaw cycles to remove oxygen. The tube was placed into an oil bath that was set to a designed temperature. After polymerization, the color of the mixture solution changed from purple-red to pink, and a substantial increase of viscosity was noticed. The resultant mixture was dissolved in THF, precipitated in methanol. The product was dried in a vacuum at 40 °C baking to constant weight. Then the conversion was tested by weight measure. Light-red polystyrene was collected and stored at room temperature under N2 atmosphere. The evidence of forming low-molecular-weight PS macro-chain-transfer agent chains is shown by the FT-IR spectrum in Fig. 7. (b) . The characteristic peak of C=S vibration at 1046 cm -1 appear to in the spectrum for low-molecular-weight PS macro-chain-transfer agents; this characteristic is not present in the spectrum for pure PS in Fig. 7. (a) . 
